Abstract: The epigenetic control of gene expression by histone methylation influences plant growth and development. OsiEZ1, encoding a putative histone methyltransferase for trimethylation of histone H3 lysine 27 (H3K27me3), was recently shown to be involved in the photoperiodic control of rice flowering. However, to date, the role of OsiEZ1 in organ development has not been characterized in detail. Here, we show that the loss of OsiEZ1 results in abnormal ligule and seed development. Morphological analysis showed that the ligules in flag leaves of the T-DNA insertion mutant osiez1 were shorter than those of the wild-type, whereas plant height and flowering time in the mutant were similar to those of the wild-type. In addition, the seed size and weight of the osiez1 mutant were reduced compared with those of the wild-type. Expression analysis showed that the transcript levels of the GRAIN WIDTH 2 (GW2) gene and chaperone protein gene PROTEIN DISULFIDE ISOMERASE-LIKE 1-1 (PDIL1-1) were reduced in the osiez1 mutant compared with the wild-type during seed development, while the expression levels of seed storage protein genes Glb and Gt were unchanged in the osiez1 mutant. These results suggest that OsiEZ1 may play important roles in ligule and seed development.
Introduction
DNA and histone proteins are altered by both small and large modifications, i.e., DNA methylation and histone modifications, which induce changes in gene expression. The epigenetic control of gene expression is involved in regulating various signaling and growth processes in plants. Histone methylation involves the covalent conjugation of methyl group(s) on the lysine (K) or arginine (R) residues of the histone. Depending on the location of the amino acid residue and its degree of methylation, this type of modification can activate or repress gene expression (Gan et al. 2013) . Lysine methylation is mainly catalyzed by histone methyltransferases (HMTases) containing a SET (for Suppressor of variegation 3-9, Enhancer of zeste and Trithorax) domain. However, methylation of residues such as the K79 residue of histone 3 is also catalyzed by non-SET domain-containing HMTases, including Dot1 family methyltransferases (Feng et al. 2002) .
The Arabidopsis thaliana (L.) Heynh. genome encodes 37 SET-containing HMTases (Thorstensen et al. 2011) , as well as arginine methyltransferase, which catalyzes the methylation of arginine residues in histone 3 and 4 (Liu et al. 2010) . H3K36me3 marks in Arabidopsis might play a similar role to that of H3K79me3 marks in animal systems (Roudier et al. 2011) ; however, to date, neither a Dot1-like homolog nor the enrichment of H3K79 methylation has been detected in Arabidopsis (Feng et al. 2002) .
H3K27me3 histone methylation, which occurs via the activity of polycomb (PcG) proteins, represses gene repression during growth and development (Zhang et al. 2007; Lafos et al. 2011; Gan et al. 2013) . Two types of PcGs, polycomb repressive complex 1 (PRC1) and PRC2, have been identified, with PRC2 representing the most well-characterized PcG (Margueron and Reinberg 2011) . The Arabidopsis genome contains homologs of all four core PRC2 components, which mediate gene repression through the deposition of H3K27me3 marks onto chromatin (Bemer and Grossniklaus 2012; Gan et al. 2013) . CURLY LEAF (CLF), a HMTase of the PRC2 family, plays several roles in the plant, such as stimulating flowering via the deposition of H3K27me3 onto AGL19 chromatin (Schönrock et al. 2006 ) and inhibiting flowering via the deposition of H3K27me3 onto FLC, MAF4, MAF5, and FT chromatin (Jiang et al. 2008) . CLF also controls cellular differentiation through interactions with BLISTER and by ensuring proper somatic homologous recombination in Arabidopsis (Schatlowski et al. 2010; Chen et al. 2014 ). In addition, CLF increases root meristematic activity and represses lateral root formation in Arabidopsis (Aichinger et al. 2011; Gu et al. 2014) . Interestingly, the clf-28 mutant produces larger, heavier seeds with higher oil content, larger oil bodies, and altered long-chain fatty acid composition compared with the wild-type, indicating that CLF regulates the expression of genes related to seed size and lipid biosynthesis (Liu et al. 2016) . Moreover, CLF participates in the drought stress response by regulating the deposition of H3K27me3 onto dehydration-responsive genes (Liu et al. 2014a) .
A CLF homolog, OsiEZ1, has been identified in rice, and its expression level is high in young seedlings and flowers (Thakur et al. 2003) . A recent study showed that 2 rice EZ1 genes, OsCLF/SDG711 and OsiEZ1/SDG718, are involved in controlling the expression of flowering genes under long and short days, thereby contributing to the accurate photoperiodic control of flowering time in rice (Liu et al. 2014b ). However, the effects of OsiEZ1 on growth and development have not been characterized in detail. Therefore, in the current study, we examined the phenotypes of the rice osiez1 mutant throughout growth. Here, we describe the morphological features of the osiez1 mutant, which produces shorter ligules and smaller seeds than the wild-type.
Materials and Methods

Plant material and growth conditions
Oryza sativa (L.) var. japonica cv. Dongjin was used in this study. A T-DNA insertion line of OsiEZ1 (PFG-4A-01953) was obtained from Gynheung An's laboratory (Kyung Hee University, Seoul, South Korea). The genomic DNA sequence was acquired from the Rice Annotation Project database (RAP-DB; http://rapdb.dna.affrc.go.jp) (Tanaka et al. 2008 ) and the TIGR Rice Genome Annotation Project (http://rice.plantbiology.msu.edu) (Ouyang et al. 2007 ).
Wild-type (Dongjinbyeo) and osiez1 mutant plants were grown in plastic tunnel-seed beds. Thirty 3-d-old seedlings were transplanted at a rate of one plant per hill with a 30 cm × 15 cm planting density at an experimental farm in the Seoul National University in Suwon, Korea. The rice plants were grown in either a paddy field or controlled growth chambers for the indicated time period.
Selection and characterization of the osiez1 mutant
To isolate a homozygous mutant line, T-DNA insertion lines were sown in the field. After 2 mo, samples were harvested from each line and analyzed by polymerase chain reaction (PCR) (5 min at 95°C, followed by 35 cycles of 95°C for 30 s, 62°C for 30 s, and 72°C for 1 min) using the primer sets listed in Table 1 . A homozygous line was selected and designated osiez1. The phenotypic traits of this line such as height, leaf length, number of seeds per panicle, seed size, and dry seed weight were analyzed and compared with those of the wild-type grown in the field. In addition, the morphological features of ligules of wild-type and osiez1 plants grown in the field were examined. The first to fifth ligules were collected from wild-type and osiez1 plants and the ligule length was measured using at least 20 samples from each.
RT-PCR analysis
The expression of the GW2, PDIL1-1, globulin (Glb), and glutelin (Gt) genes was examined by reverse transcription PCR (RT-PCR). Briefly, 1 μg of total RNA isolated from wild-type and osiez1 plants was reverse transcribed with TOPscript™ RT DryMIX (dT16 plus) (Enzynomics, Daejeon, South Korea). The resulting cDNA:RNA hybrids were treated with RNase H (Enzynomics) for 20 min at 37°C and used as templates for PCR, which was conducted with a Light Cycler 480 (Roche Molecular Diagnostics, Pleasanton, CA) according to the manufacturers' instructions. ACTIN primers were added as an internal control, together with gene-specific primers. All reactions were repeated three times with three independent RNA samples. The primers used are listed in Table 1 .
Western blot analysis
Total proteins were isolated from developing seeds of wild-type and osiez1 plants at 1 d after flowering (DAF1), DAF5, DAF15, DAF25, DAF35, and DAF45. Equal amounts of each protein sample were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). After transfer of the proteins onto a nitrocellulose membrane, PDIL1-1 protein was detected by western blotting using anti-PDIL1-1 antibody (Kim et al. 2012) .
Results and Discussion
Ligule development is retarded in osiez1
To investigate the role of the putative HMTase OsiEZ1 during rice development, we analyzed the phenotype of an OsiEZ1 T-DNA insertion mutant. First, we isolated the OsiEZ1 T-DNA insertion mutant by PCR using OsiEZ1 gene-specific and T-DNA-specific primers and confirmed that T-DNA was inserted in the tenth intron of OsiEZ1 (Figs. 1A and 1B) . We then examined the phenotype of this mutant, designated osiez1, finding that it was similar to that of wild-type plants (Fig. 2) . For example, the height, flag leaf size, and width of the wild-type and osiez1 mutant plants were similar.
Next, we investigated the ligule length of osiez1 plants grown for 90 d in a rice field and found that the ligules of the first to fifth leaves were shorter in the osiez1 mutant than in the wild-type (Figs. 3A and 3B) . Notably, the ligules of the fourth and fifth leaves were much shorter in the osiez1 mutant than in the wild-type (Fig. 3B) .
The ligule, which is positioned at the junction of the blade and sheath of the leaf, is a white, thin, tongue-like, membranous structure. The role of the ligule is to help keep the leaf sheath tightly closed against the auricle to prevent the entrance of rainwater, dust, and (or) harmful spores (Chaffeyn 2000) . A few ligule genes have been discovered in rice. Rice liguleless gene LG2 encodes a basicleucine zipper (bZIP) transcription factor that regulates the pathogen defense response, light and stress 
Actin forward 5′-TCCTCCGTGGAGAAGAGCTA-3′ Actin reverse 5′-GCAATGCCAGGGAACATAGT-3′ (B) Independent transgenic lines were analyzed by PCR using two sets of primers, as described in Table 1 . In nontransgenic lines, 1200 and 832 bp fragments were amplified by PCR with primer sets LP and RP and BP and RP, respectively, while they were not amplified by these primer sets in transgenic homozygote lines. Homozygous line number 4 was chosen for further study. LP, left primer; RP, right primer; BP, border primer. signaling, seed maturation, and the development of various organs such as leaves and flowers (Jakoby et al. 2002) . In addition, LG2 specifies the location of the ligule and controls its development through interactions with LG1 (Jakoby et al. 2002) . Currently, there is no direct evidence that H3K27me3 is deposited onto LG2 (via OsiEZ1 activity). Nevertheless, the shorter ligule length of the osiez1 mutant strongly suggests that it is more sensitive to environmental stresses (such as abiotic and biotic stresses, including water and pathogen attack) than the wild-type. In addition, previous and current data indicate that OsiEZ1 activity is necessary for ligule development and for defense. Further study will be required to identify the roles of OsiEZ1 under various stress conditions, including pathogen attack.
OsiEZ1 is involved in seed development
We investigated the possible role of OsiEZ1 in seed set and development using the osiez1 mutant. To this end, we examined the size and dry weight of osiez1 seeds. The seed size (including the husk) was 10.64 and 10.06 mm in the wild-type and osiez1, respectively, and the seed size without the husk was 8.85 and 8.27 mm in the-wild type and osiez1, respectively (Figs. 4A and 4B ).
Thousand-seed weight was 23.88 and 22.78 g in the wild-type and osiez1, respectively (Fig. 4C) . It was recently reported that the seed size of transgenic rice overexpressing FERTILIZATION-INDEPENDENT ENDOSPERM 1 (OsFIE1), a member of the PRC2 family, is reduced (Folsom et al. 2014) , suggesting that seed enlargement may be partially caused by the altered epigenetic regulation of endosperm development.
The osiez1 mutant showed reduced seed size, which was also true for OsFIE1-overexpressing rice. The reason for this discrepancy (i.e., opposite results) is currently unknown. The identification of the target genes of OsiEZ1 will provide important clues to help answer this question. Nonetheless, Fig. 2 . Phenotypic analysis of the osiez1 mutant. Wild-type (WT) and osiez1 plants were grown in the field and photographed. The height and leaf length of field-grown osiez1 were examined. The height and leaf length of the mutant were almost the same as those of the wild-type.
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Flag leaf 5cm 5cm 1cm 1cm 10cm Fig. 3 . Morphological features of the ligule in wild-type and osiez1 mutant rice. Wild-type and osiez1 plants were grown in the field and ligule morphology was examined. (A) The first to fifth ligules of wild-type and osiez1 rice were photographed. (B) The length of the first to fifth ligules of wild-type (WT) and osiez1 rice was measured. The ligule length of the mutant is shorter than that of the wild-type, especially for the fourth and fifth ligules. Asterisks (***) indicate statistically significant differences in ligule lengths (P < 0.001; Student's t-test) between wild-type and osiez1 rice.
[Colour online.] Third  Fourth  Fifth  ligule  ligule  ligule  ligule  ligule   First  Second  Third  Fourth  Fifth  ligule  ligule  ligule  ligule  ligule * * * * * * * * * * * * * * * our data strongly suggest that OsiEZ1 is involved in seed enlargement during seed maturation in rice.
Expression of seed development-related genes is altered in osiez1
To investigate the relationship between the phenotypes of osiez1 and the expression of seed developmentrelated genes, we examined the expression patterns of GW2 (encoding an E3 ubiquitin ligase) and PDIL1-1 by RT-PCR during seed development. We chose GW2 and PDIL1-1 because the loss of GW2 leads to the production of larger seeds (Song et al. 2007 ) and the loss of PDIL1-1 leads to the production of smaller seeds with a chalky phenotype (Kim et al. 2012) . The transcript levels of GW2 and PDIL1-1 were lower in osiez1 than in the wildtype (Fig. 5A) . We also examined the transcript levels of seed storage protein genes Glb and Gt and found that their expression was not altered in osiez1 (Fig. 5A) . We evaluated the levels of PDIL1-1 protein during seed development and found that its level was slightly higher in osiez1 than in the wild-type (Fig. 5B) . In both lines, the level of PDIL1-1 protein increased during seed development, whereas its transcript level decreased. Previous study using two-dimensional gel analysis and mass spectrometry showed that there were at least 5 types of PDIL1-1 proteins in rice seed and strongly suggested that PDIL1-1 activity and stability can also be regulated by posttranslational modifications (Kim et al. 2012) . Therefore, our results indicate that PDIL1-1 protein can be stabilized after translation in osiez1 plants. Notably, this effect was more dramatic in osiez1 than in the wildtype, suggesting that the levels of protein(s) involved in stabilizing PDIL1-1 may be higher in osiez1 than in the wild-type.
Reduced expression or loss of function of rice GW2 results in increased grain width (Song et al. 2007 ). However, downregulating the wheat GW2 gene TaGW2, a homolog of rice GW2, resulted in reduced grain size and weight in wheat (Bednarek et al. 2012 ). Interestingly, a splice acceptor site mutation in TaGW2-A1 increased grain weight through the production of wider, longer grains (Simmonds et al. 2016 ). Thus, these two studies obtained contrasting results. The current results show that the GW2 transcript levels were low in the osiez1 mutant, but its seed size was smaller than that of the wild type; this result is opposite to that of a previous study (Song et al. 2007 ). These findings suggest that the loss of OsiEZ1 can influence the expression of other factors related to seed size in addition to GW2 during seed development, which function together to regulate seed size in osiez1.
We do not have a clue as to why the seed size of the osiez1 mutant is smaller than that of the wild-type, despite the low level of GW2 transcript and the high level of PDIL1-1 protein in the osiez1 mutant, compared with those in the wild-type plant. Seed size is affected by a number of factors such genes and quantitative trait loci, epigenetic mechanisms, hormones, and abiotic and biotic stresses (Kesavan et al. 2013) . Therefore, these findings suggest that the loss of OsiEZ1 can influence the expression of other factors related to seed growth and development, in addition to GW2 and PDIL1-1 during seed development, which function together to regulate the seed size in the osiez1 mutant. In conclusion, our data demonstrate that a mutation in OsiEZ1 results in abnormal ligule development and reduced seed size. Further expression analysis of OsiEZ1 using reporter genes such as GUS and GFP will provide helpful information about how OsiEZ1 regulates ligule and seed development. Moreover, the identification of target genes of OsiEZ1 may provide crucial clues to help uncover the role of OsiEZ1 in the control of rice ligule growth and seed size via chromatin modification. Fig. 5 . Relative expression levels of seed developmentrelated genes and seed storage protein genes in wild-type (WT) and osiez1 rice. (A) Total RNA was isolated from developing wild-type and osiez1 seeds at the indicated stages and the transcript levels of GW2, PDIL1-1, Glb, and Gt were analyzed by RT-PCR using the gene-specific primers listed in Table 1 . GW2 and PDIL1-1 transcript levels were relatively low in the mutant but Glb and Gt transcript levels in the wildtype and mutant were almost identical. (B) Total proteins were isolated from developing wild-type and osiez1 seeds at the indicated stages and PDIL1-1 protein levels were analyzed by western blotting using anti-PDIL1-1 antibody. PDIL1-1 levels were slightly higher in the mutant than in the wild-type. 
